Introduction
============

Prostate cancer is the second most frequently diagnosed cancer and the sixth leading cause of cancer death in the Western male population.[@b1-ott-10-3531] Prostate cancer, a complex disease, can be relatively harmless or extremely aggressive. Nevertheless, \<15% of the cases with high-risk disease present with clinically significant prostate cancer.[@b2-ott-10-3531] The use of neoadjuvant androgen-deprivation therapy and chemotherapy either solely or in combination before radical prostatectomy is generally safe and feasible for reducing prostate volume and tumor burden.[@b3-ott-10-3531] Currently, pathologically complete response rates are low and no long-term survival benefit has been observed with the addition of neoadjuvant therapies over surgery alone. Although androgen-deprivation therapy is a commonly used treatment for men with prostate cancer, the adverse effects can be detrimental to patient health and quality of life.[@b4-ott-10-3531] Therefore, the identification of new target genes for tumor growth can enable the development of novel therapeutic intervention.

A systems biology approach identified 20 significant mRNA associations with the aggressive phenotype of prostate cancer.[@b5-ott-10-3531] These modules of interest were characterized by the overrepresentation of cell cycle-related genes. Notably, 10 of these 20 genes had a role in mitotic spindle regulation and chromosome segregation, including TPX2 (the targeting protein for Xklp2), which is a microtubule-associated homologue.[@b5-ott-10-3531] This suggests that chromosome segregation machinery regulation is likely to be a molecular pathway causing aggressive phenotype prostate cancer.

In a study by Vainio et al, RNAi-based cell viability assay was performed in VCaP and LNCaP prostate cancer cells. TPX2 expression associated with prostate-specific antigen failure and TPX2 silencing reduced prostate-specific antigen expression and increased prostate cancer cell apoptosis, indicating that TPX2 is a potential novel drug target in prostate cancer.[@b6-ott-10-3531] However, the molecular mechanisms of TPX2 targeting in prostate cancer cells and, particularly, the effect on cell cycle progression remain unclear.

TPX2 was first described in 1997 when Heidebrecht et al detected a 100 kDa protein, the expression of which was induced from the G1/S transition to cytokinesis.[@b7-ott-10-3531] TPX2 was then reported to localize to the nucleus during the S and G2 phases and at the mitotic spindle poles during mitosis. TPX2 was found to play an important role in the spatial regulation of spindle assembly through small GTPase Ran modulation;[@b8-ott-10-3531] after being released from import by Ran-GTP, it also triggers the nucleation of microtubules. Subsequent functional studies have established that TPX2 is essential for spindle assembly, especially for spindle pole organization in a variety of cell types.[@b9-ott-10-3531] These features indicate that TPX2 plays a critical role in chromosome segregation machinery during mitosis.

Genomic instability is one of the hallmarks of cancer and it comprises different levels of genetic changes, ranging from the nucleotide to the chromosome level; the resulting genetic diversity expedites oncogenesis, together with epigenetic changes. Aneuploidy and chromosomal instability (CIN) are distinct, but closely related concepts that describe the chromosome-level genetic changes. Aneuploidy is the state that denotes the presence of an abnormal number of chromosomes in cells, which is found in the majority (70%--90%) of cancer cells.[@b10-ott-10-3531]--[@b12-ott-10-3531] However, loss or gain of chromosomes is associated with many cancer cells. CIN can arise through chromosome missegregation from a lesion in the chromosome segregation machinery,[@b13-ott-10-3531]--[@b15-ott-10-3531] and thus, new proposals include targeting the intrinsic CIN or aneuploidy that many tumor cells exhibit.[@b16-ott-10-3531] Compelling evidence highlighted the double role of CIN in cancer: low levels of CIN result in a slight growth advantage and tumor promotion, whereas high levels of CIN lead to cell death and act as a tumor-suppressor mechanism.[@b17-ott-10-3531] Consequently, the idea of promoting cell death by inducing massive chromosome missegregation during mitotic division has been proposed as a therapeutic strategy to selectively eliminate highly proliferating tumor cells.[@b18-ott-10-3531]

In this study, we proposed that targeting TPX2 leads to chromosome segregation error and increases massive aneuploidy during mitotic division, and that TPX2 serves as a target for therapeutic evolution in prostate cancer. Our results demonstrate that targeting TPX2 reduces cell cycle regulators and chromosome segregation genes, resulting in increased cell polyploidy and multinucleation. Moreover, TPX2 depletion leads to prostate cancer cell growth inhibition, reduced tumorigenesis, and increased apoptosis. These results confirm the therapeutic potential of targeting TPX2 during prostate cancer treatment.

Materials and methods
=====================

Immunohistochemistry staining for TPX2 protein detection
--------------------------------------------------------

Four prostate cancer tissues from consecutive patients with clinically localized prostate cancer were treated with radical prostatectomy at Kaohsiung Veterans General Hospital. Our study was approved by the Ethical Committee of the Kaohsiung Veterans General Hospital (Institutional Review Board protocol: VGHKS13-CT2-007). All patients provided written informed consent for the use of tissue samples in this research. The TPX2 protein in whole-mount sections for radical prostatectomy specimens was detected on formalin-fixed, paraffin-embedded sections with an anti-TPX2 antibody (Sigma-Aldrich Corp, St Louis, MO, USA), by using the Mouse/Rabbit Probe HRP Labeling Kit (BioTnA, Kaohsiung, Taiwan).

TPX2 gene expression analysis from The Cancer Genome Atlas database
-------------------------------------------------------------------

The Cancer Genome Atlas (TCGA) prostate adenocarcinoma (PRAD) gene expression was analyzed using RNAseq. The gene expression profile was experimentally measured using the Illumina HiSeq 2000 RNA Sequencing platform from the TCGA genome characterization center at the University of North Carolina. Level 3 interpreted data were downloaded from the TCGA data coordination center. This data set (ID=TCGA_PRAD_exp_HiSeqV2, version: 20150224) presents the gene-level transcription estimates according to the RSEM-normalized read counts. It was downloaded from the TCGA database (<https://tcgadata.nci.nih.gov/tcgafiles/ftp_auth/distro_ftpusers/anonymous/tumor/prad/cgcc/un.edu/illuminahiseq_rnaseqv2/rnaseqv2/>) and includes both the clinical and gene expression data subsets. For clinicopathologic outcome and survival analysis, the RNA expression levels (read counts) of TPX2 were dichotomized as low expression and high expression with the cutoff value (6.8805) based on the 95th percentage expression level of 52 normal solid tissues. Hence, 276 PRADs scored as high expression and 191 PRADs as low expression. TPX2 expression level (read counts) was retrieved from the gene expression data subset and assembled into the clinical data subset for further analysis in the tumor versus normal and Gleason score data clusters.

Cell culture
------------

Prostate cancer cell lines (PPC1, LNCap), breast cancer cell lines (AU565, MCF7, MDA-MB361, MDA-MB231), and human normal retinal pigmented epithelium cell line (ARPE19) were cultured in Roswell Park Memorial Institute (RPMI) 1640 or DMEM:F12 medium supplemented with 10% fetal bovine serum. The PPC1 cells were kindly provided by Dr John Reed. The cytogenetics and isoenzyme profiles of PPC1 are identical to PC-3 cells. The cell line also has been used in the field of prostate cancer research.[@b19-ott-10-3531],[@b20-ott-10-3531] The LNCap and breast cancer cell lines were kindly provided by Prof Hey-Chi Hsu, Graduate Institute of Pathology, College of Medicine, National Taiwan University, Taipei, Taiwan. The ARPE19 cells were kindly provided by Dr Wen-Huei Chang, Department of Applied Chemistry, National Pingtung University, Pingtung, Taiwan.

Reverse transcription-polymerase chain reaction
-----------------------------------------------

We used reverse transcription-polymerase chain reaction (RT-PCR) assays for the semiquantitative analysis of TPX2 mRNA by following previously described methods.[@b21-ott-10-3531]--[@b24-ott-10-3531] The mRNA encoding S26 ribosomal protein (RPS26) was used as an internal control for the initial RNA loading. Polymerase chain reaction (PCR) was performed using a SelectCycler Thermal Cycler SBT9600 (Select BioProducts, Edison, NJ, USA). The quantification of mRNA expression levels (quantitative RT-PCR) was performed in an automated DNA thermal cycler, the StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). The human beta-actin gene (ACTB) was used as an internal control for quantitative RT-PCR. All quantitative PCR data were calculated and expressed using the 2^−∆Ct^ method.

Western blot
------------

The cells were harvested at specific time points after transient transfection, washed with phosphate-buffered saline (PBS), and subsequently lysed with lysis buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1% NP-40, 0.02% sodium azide, 1 µg/mL aproteinin, 1 mM phenylmethanesulfonyl fluoride). Protein samples (60 µg) were then separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (10% gels) and transferred to nitrocellulose membranes (GE Healthcare Europe GmbH, Freiburg, Germany). The membranes were then incubated with primary and secondary antibodies, and immunoreactive signals were detected using the WesternBright ECL kit (Advansta Inc., Menlo Park, CA, USA). Primary antibodies (dilution) for Western blot: cyclin A (1:100), cyclin B1 (1:100), cyclin B2 (1:200), cyclin E (1:100), CDK1 (1:100), CDK2 (1:100), and CDK4 (1:100), (Thermo Fisher Scientific); β-actin (1:10,000), separase (1:1,500), securin (1:500), and aurora B (1:500), all from Abcam (Cambridge, Milton Keynes, UK); TPX2 (Sigma-Aldrich Co.); aurora A (1:1,000; Leica, UK); and P21 (1:200; Cell Signaling Technology, Inc., Danvers, MA, USA). Secondary antibodies (dilution) for Western blot: goat anti-mouse IgG (1:10,000) and goat anti-rabbit IgG (1:10,000) (Thermo Fisher Scientific).

Small interfering RNA (siRNA) and knockdown of gene expression
--------------------------------------------------------------

The TPX2 siRNA oligos pool (1: 5′-GGACGAACCGGUAGUGAU-3′; 2: 5′-GCAUAAGGCAAAUCCAAUA-3′; 3: 5′-GUACCAUUGUUAAGCCUUU-3′; 4: 5′-GAAAUU CUACCCUCUAAGA-3′) was synthesized by Sigma-Aldrich Co. All transient transfections of the TPX2 siRNA oligos pool at a final concentration of 20 nM were accomplished with LipofectAMINE RNAiMAX (Thermo Fisher Scientific) according to the manufacturer's protocols.

Cell proliferation, colony formation, and anchorage-independent (spheroid) growth
---------------------------------------------------------------------------------

The initiated cell density for TPX2 siRNA transfection was 1.5×10^5^ cells per 2 mL suspension. For cell proliferation analysis, 1,000 living cells were plated on 96-well plates after transfection with the 20 nM siRNA oligos pool. The luminescence units indicating cell growth were determined at 0, 1, 2, and 3 days through the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI, USA). For colony formation assays, 2,500 cells were seeded in six-well plates and incubated for 2 weeks. The colonies were then fixed in 2% formaldehyde and stained with 0.5% crystal violet. Photographs were taken, and the number of colonies in each well was counted. For spheroid assays, 1,000 living cells were seeded in an ultralow attachment 96-well microplate (Corning Incorporated, Corning, NY, USA) and cell spheroids were visualized under a microscopic low-power field. Spheroid sizes (n=30) were measured using ImageJ software. The experiments and readings were repeated and analyzed using a two-sided Student's *t*-test.

Cell cycle analysis (image-flow cytometry assay)
------------------------------------------------

The cells were harvested and washed with PBS and then fixed in 0.5% formaldehyde for 1 h at 0°C. After a second wash with PBS, the cells were resuspended in 50% ethanol in PBS for 1 h at −20°C. The cells were again washed at least once with cold PBS and then resuspended in 300--500 µL of 4′,6-diamidino-2-phenylindole (DAPI)/Triton X-100 staining solution (1 µg/mL DAPI, 0.1% triton X-100 in PBS). Data for analysis were acquired using the NucleoCounter NC-3000 machine (Chemometec, Lillerød, Denmark) and Nucleoview NC-3000 software for automated image-flow cytometry analysis. Cell cycle distribution was determined using Nucleoview NC-3000 software.

Immunofluorescence staining
---------------------------

Cells cultured on coverslips were fixed in 4% paraformal-dehyde in 1X PBS for 10 min at room temperature. After a wash in PBS, the cells were incubated with 1X phosphate buffered saline with Tween-20 (PBST) (0.2% Triton X-100 in 1X PBS) for 20 min and then in 5% fetal bovine serum blocking solution for 30 min. The cells were incubated with α-tubulin (1:500) and TPX2 (1:500) antibodies at 4°C overnight. After three 5 min washes with 1X PBST, the coverslips were incubated with a secondary antibody (1:1,000, Alexa Fluor-488 or 568-conjugated IgG; Thermo Fisher Scientific) and DAPI (2.5 µg/mL) for 60 min; the coverslips were then rewashed in 1X PBST another three times for 5 min each. The cells were mounted in 90% glycerol in Tris buffer (pH 10.0) and observed under a fluorescence microscope. Images were acquired with an Olympus IX81F-3 fluorescence microscope mounted with an Olympus DP70 digital camera. The nucleus morphology was counted at a low-power field (×20 magnifications, 20 fields were counted and averaged). The experiments and readings were repeated and analyzed using the two-sided Student's *t*-test.

Annexin V detection
-------------------

For image-flow cytometry assay, annexin V-fluorescein isothiocyanate/propidium iodide staining assay (Strong Biotech Corp., Taipei, Taiwan) was used for detecting cells in early apoptotic and late apoptotic stages. Cells were transfected with siRNA oligos for 72 h, harvested after incubation, and then washed in cold PBS. Subsequently, the cells were resuspended in 100 µL of annexin V-fluorescein isothiocyanate/propidium iodide staining solution and incubated for 10--15 min at 15°C--25°C. Next, the cells were collected and observed with a NucleoCounter NC-3000 machine (Chemometec) and Nucleoview NC-3000 software for automated image-flow cytometry analysis. A total of 20,000 cells were analyzed per sample. For fluorescence microscopy analysis, cells were transfected with siRNA oligos and grown on chamber slides for 72 h before the medium was removed and the slides were covered with a staining solution (100 µL/chamber); the cells were then further incubated for 10--15 min at 15°C--25°C. For the immunofluorescence assay, annexin V-positive cells were counted using low-power field fluorescence microscopy images. More than 10 low-power field images were counted and averaged.

Cell cycle PCR arrays
---------------------

RT2 profiler PCR arrays were acquired from QIAGEN (Taipei, Taiwan) to analyze the expression of genes associated with cell cycle regulation (PAHS-020Z). To compare the expression of these genes in siRNA control (si-CTL)-transfected or si-TPX2-transfected cells, we used total RNA from si-CTL-transfected cells or si-TPX2-transfected cells from the 72 h siRNA oligos treatment. Two biologic RNA replicate mixtures were used to determine the gene expression in each group, and the five housekeeping genes on each array were used for normalization. RNA was reverse transcribed, and quantitative PCR reaction assays for PCR arrays were used in combination with the specially formulated and instrument-specific SYBR Green real-time PCR master mixes (Promega) according to the manufacturer's instructions. Data were analyzed using the web-based software package PCR Array Data Analysis tool from QIAGEN to determine the gene expression fold-change calculations; the fold change of normalized expressions between si-CTL-transfected and si-TPX2-transfected cells was also calculated using the analysis tool. All genes that exhibited an expression change greater than fourfold were depicted on a graph with a logarithmic scale. All control features implemented on the array were passed and no genomic DNA contamination was detected. Furthermore, reverse transcription controls indicated no inhibition of the reaction and positive PCR controls demonstrated interwell and intraplate consistency.

Results
=======

Upregulation of TPX2 expression in prostate cancer tissue specimens and prostate cancer cell lines
--------------------------------------------------------------------------------------------------

To elucidate the role that the level of TPX2 gene expression has on prostate cancer and form the basis for novel therapeutic strategies, we used an informatics-based analysis to determine the TPX2 gene expression in prostate cancer. We adopted an RNA sequence database of 498 PRADs and 52 normal solid tissues retrieved from the TCGA website, and found that the TPX2 gene had a higher expression level (read counts) in the tumor part (*P*\<0.001), as shown in [Figure 1A](#f1-ott-10-3531){ref-type="fig"}. Moreover, TPX2 expression levels were positively correlated with Gleason grade levels (*R*=0.467, *P*\<0.001), as shown in [Figure 1B](#f1-ott-10-3531){ref-type="fig"}. These results indicated that TPX2 is potentially upregulated in prostate cancer and is associated with malignant prostate cancer. We further evaluated the association of TPX2 levels with survival in prostate cancer patients. The TPX2 expression level was not significantly different in relation to cumulative survival ([Figure 1C](#f1-ott-10-3531){ref-type="fig"}). However, in this TCGA cohort, the Gleason score was also not significantly different in relation to cumulative survival in prostate cancer patients ([Figure 1D](#f1-ott-10-3531){ref-type="fig"}). To determine TPX2 expression in the cultured cell lines and prostate cancer tissues, we performed end-point and quantitative RT-PCR assay and immunohistochemistry staining for TPX2 mRNA and protein detection. The prostate and breast cancer cell lines versus ARPE19 cells (a human normal retinal pigmented epithelium cell) were used to figure out that TPX2 was upregulated on cancer cells but not on normal cells. By using end-point RT-PCR at the linear range and quantitative RT-PCR assay, we observed that TPX2 mRNA was highly expressed in human prostate and breast cancer cell lines than in normal retinal pigmented epithelium cell ([Figure 1E](#f1-ott-10-3531){ref-type="fig"}). In addition, the immunohistochemistry staining results for TPX2 protein in the prostate cancer tissue sections revealed upregulated expression proportions in the tumor cell sections ([Figure 1F](#f1-ott-10-3531){ref-type="fig"}).

TPX2 silencing inhibits prostate cancer cell growth
---------------------------------------------------

PPC1 cell was identified as the PC3 cell. We used the PPC1 cell for further experiments because it was easy to cultivate and higher transfection efficiency. To investigate the role of TPX2 in prostate cancer cell proliferation and to evaluate TPX2 functions in PPC1 cells, we synthesized four commercial siRNAi oligos for TPX2 silencing. A Western blot analysis revealed that the TPX2 transcript was downregulated by the TPX2 siRNA oligos ([Figure 2A](#f2-ott-10-3531){ref-type="fig"}). Furthermore, depletion of TPX2 protein expression potently inhibited anchorage-dependent cell growth in the luminescent cell viability assay ([Figure 2B](#f2-ott-10-3531){ref-type="fig"}), clonogenic formation assay ([Figure 2C](#f2-ott-10-3531){ref-type="fig"}), and anchorage-independent cell growth by spheroid formation assay ([Figure 2D](#f2-ott-10-3531){ref-type="fig"}) in PPC1 prostate cancer cells. These results indicated that TPX2 is a potential therapeutic target for prostate cancer.

TPX2 silencing increased sub-G1 and reduced G1 to S phase cells
---------------------------------------------------------------

To highlight the biologic role of TPX2 in the cell cycle progression of prostate cancer cells, we analyzed TPX2 expression during cell cycle progression using double thymidine or nocodazol block and release treatment. A Western blot analysis revealed that TPX2 protein expression was high at the G2/M phase, decreased at the G1 to S phase, increased at the beginning of S phase, and then peaked again at the next G2/M phase ([Figure 3A](#f3-ott-10-3531){ref-type="fig"}). TPX2 depletion reduced the G1- and S-phase proportions; by contrast, inhibition of TPX2 expression resulted in high amounts of sub-G1 cells (cell death) and G2/M phase cells (4N DNA), as shown in [Figure 3B and C](#f3-ott-10-3531){ref-type="fig"}. Annexin V staining assay ([Figure 4A](#f4-ott-10-3531){ref-type="fig"}) revealed that TPX2 targeting increased annexin V-positive cells fourfold ([Figure 4B](#f4-ott-10-3531){ref-type="fig"}); image-flow cytometry assay analysis revealed similar results for annexin-positive cells ([Figure 4C](#f4-ott-10-3531){ref-type="fig"}). Overall, these results indicated that TPX2 targeting inhibited cell cycle progression and increased cell apoptosis of prostate cancer cells.

Change in cell fitness in TPX2 depletion was reflected by changes in cell cycle regulation and features genes of chromosome segregation
---------------------------------------------------------------------------------------------------------------------------------------

To further characterize the molecular changes accompanying the depletion of TPX2 levels, we performed cell cycle pathway-focused real-time PCR analyses with PCR arrays. We queried the transcript of 84 genes involved in cell cycle regulation and assayed five housekeeping genes, comparing the expression levels of these genes in si-CTL-transfected and si-TPX2-transfected PPC1 cells. By using web-based analysis tools, we set a fourfold change as the cutoff to indicate the genes with significant expression change in TPX2-depleted PPC1 cells; the heat map shown in [Figure 5A](#f5-ott-10-3531){ref-type="fig"} is a graphical representation of these fourfold gene expression changes. In TPX2-depleted PPC1 cells, we observed a global downregulation of cell cycle markers crucial for cell cycle progression and proliferation involved in all phases of the cell cycle. The scatter plot analysis ([Figure 5B](#f5-ott-10-3531){ref-type="fig"}) revealed that 1 gene was upregulated and 15 genes were downregulated, and the relative fold change of all genes between si-CTL-transfected and si-TPX2-transfected PPC1 cells is presented in [Figure 5C](#f5-ott-10-3531){ref-type="fig"}. A few genes were upregulated, among which one significantly upregulated gene was associated with cell cycle arrest (CDKN1A/p21); moreover, the top two and three upregulated genes were involved in antiproliferative or growth inhibitory action (CCNG1, CCNG2). By contrast, the 15 significantly downregulated genes were closely associated with G2/M transition and chromosome segregation procession (CDK1, CCNA2, AURKB, MAD2L1, CDC20, GTSE1, cyclin B2, and CDC25C), checkpoint and DNA damage control (CHEK1 and BRCA2), and the downregulation of proliferation markers (MKI67, BIRC5, CDK2, and CDK6) that resemble the lack of proliferation. These results suggested that targeting TPX2 causes defects in the G2/M transition and chromosome segregation progression in prostate cancer cells.

TPX2 targeting enhances micronucleated prostate cancer cells
------------------------------------------------------------

Our results also demonstrated the change in the G2/M phase proportion and the feature genes of chromosome segregation after TPX2 depletion in prostate cancer cells. To further elucidate the role of TPX2 in the mitosis of prostate cancer cells, the morphologic examination of the nucleus was carried out, which revealed that TPX2 depletion markedly increased the number of micronucleated PPC1 cells, compared with the control RNAi oligo-transfected cells ([Figure 6A and B](#f6-ott-10-3531){ref-type="fig"}). This result suggests defects during chromosome segregation; therefore, we further examined the chromosome segregation-related genes. A Western blot assay demonstrated that cyclin D1, CDK4, and CDK6 (G1 phase proteins) were reduced and p21 (cyclin-dependent kinase inhibitor) was increased; moreover, cyclin A and CDK2 (S phase proteins) were reduced, indicating the presence of a cell proliferation defect ([Figures 2](#f2-ott-10-3531){ref-type="fig"} and [4](#f4-ott-10-3531){ref-type="fig"}). Additionally, the G2/M phase proteins required for chromosome segregation, comprising cyclin B1, cyclin B2, CDK1, securin, separase, aurora A, and aurora B, were reduced after TPX2 depletion in prostate cancer cells ([Figure 6C](#f6-ott-10-3531){ref-type="fig"}).

TPX2 depletion changes the cell fitness in LNCap prostate cancer cell line
--------------------------------------------------------------------------

To elucidate the biologic role of TPX2 in cell fitness in prostate cancer cells, we analyzed the cell growth, spheroid formation, cell cycle progression, and nucleus morphologic examination in another prostate cancer cell line, LNCap. LNCaP cells grew as a loosely adherent layer of cells that were prone to growth in clusters. An RT-PCR and Western blot analysis revealed that the TPX2 transcript and protein were downregulated by the TPX2 siRNA oligos ([Figure 7A](#f7-ott-10-3531){ref-type="fig"}). Depletion of TPX2 protein expression potently inhibited anchorage-dependent cell growth in the luminescent cell viability assay ([Figure 7B](#f7-ott-10-3531){ref-type="fig"}) and anchorage-independent cell growth by spheroid formation assay ([Figure 7C--E](#f7-ott-10-3531){ref-type="fig"}) in LNCap prostate cancer cells. TPX2 depletion reduced the sub-G1 phase proportions; by contrast, inhibition of TPX2 expression resulted in higher G2/M phase cells (4N DNA), as shown in [Figure 7F and G](#f7-ott-10-3531){ref-type="fig"}. Similar to PPC1 cells, TPX2 depletion in LNCap cells reduced the protein expression of CDK1, cyclinB1, CDK2, cyclin A, and cyclin E ([Figure 7H](#f7-ott-10-3531){ref-type="fig"}), indicating the presence of a cell proliferation defect. Morphologic examination of the nucleus revealed that TPX2 depletion slightly increased the number of multinucleated LNCap cells compared with the control RNAi oligo-transfected cells ([Figure 7I and J](#f7-ott-10-3531){ref-type="fig"}). These results indicated that TPX2 depletion changes the cell fitness in LNCap prostate cancer cell line.

Discussion
==========

Poor prognosis and drug resistance associated with CIN tumors render their treatment a considerable challenge.[@b16-ott-10-3531],[@b25-ott-10-3531] However, the frequency and clinical significance of CIN and its restriction to neoplastic tissue suggest that the CIN phenotype could be an attractive therapeutic target.[@b10-ott-10-3531],[@b16-ott-10-3531] CIN is a type of genomic instability characterized by mitotic defects that increase the rate of chromosome missegregation.[@b26-ott-10-3531] Low rates of chromosome missegregation can promote tumor development, but higher levels can lead to cell death and suppression of tumorigenesis.[@b17-ott-10-3531],[@b27-ott-10-3531] Hence, the strategy of promoting cell death by inducing massive aneuploidy at chromosome missegregation has been used as a therapeutic application to selectively eliminate highly proliferating tumor cells.[@b10-ott-10-3531],[@b14-ott-10-3531]--[@b16-ott-10-3531],[@b18-ott-10-3531],[@b26-ott-10-3531] Most cancer cells are aneuploid and contain abnormal numbers of chromosomes, which is mainly caused by elevated levels of chromosome missegregation.[@b10-ott-10-3531],[@b27-ott-10-3531] Notably, as the micronuclei are cytoplasmic chromatin masses with the appearance of small nuclei that arise from lagging chromosomes at anaphase or from acentric chromosome fragments,[@b28-ott-10-3531] and as they have mitotic defects and are genomically unstable, they can be used as a biomarker. In this study, we demonstrated that targeting TPX2 reduced cell cycle regulators and chromosome segregation genes, thus resulting in increased cell micronucleation. Moreover, TPX2 depletion led to prostate cancer cell growth inhibition, increased apoptosis, and reduced cancer cell growth. These results confirm the therapeutic potential of targeting TPX2 in prostate cancer treatment.

The spindle assembly checkpoint monitors the integrity of spindle microtubules, which attach to sister chromatids at kinetochores and play a vital role in preserving genome stability by preventing missegregation.[@b29-ott-10-3531] Following DNA replication in the S phase, the sister chromatids are held together by cohesin. At the anaphase onset, the cohesin ring is opened, chromatid cohesion is lost, and the sisters are separated, which allows the spindle forces to pull them to opposite sides of the cell.[@b30-ott-10-3531] The anaphase program is induced by the activity of the anaphase-promoting complex or cyclosome. Upon release from the spindle assembly checkpoint arrest, the anaphase-promoting complex or cyclosome begins to promote proteolysis of securin and cyclin B1. Degradation of cyclin B1 causes a decline in CDK1 activity, and that of securin induces the activation of separase. Thus, these changes promote the dissociation of sister chromatid cohesion and the poleward movement of sisters,[@b31-ott-10-3531] which induces a change in the microtubule dynamics and results in the movement of sister chromatids to spindle poles, spindle elongation, and the onset of cytokinesis.[@b32-ott-10-3531] This finding provides evidence that CDK1--cyclin-B--securin--separase axis regulation is essential for chromosome segregation procession. Moreover, inhibition of aurora B activated p21 and correlated with increased chromosome missegregation and aneuploidy in U2OS and HCT116 cells.[@b33-ott-10-3531] Our results demonstrated that TPX2 silencing led to protein deregulation of CDK1, cyclin B, securin, separase, and aurora A protein; by contrast, p21 mRNA and protein were upregulated. This suggests that targeting TPX2 reduced the cell cycle regulators and chromosome segregation genes and resulted in increased cell micronucleation.

Several studies have proposed TPX2 as a potential drug target in ovarian, liver, and pancreatic cancers.[@b34-ott-10-3531]--[@b37-ott-10-3531] Furthermore, a previous study revealed TPX2 as a potent candidate drug target in prostate cancer.[@b6-ott-10-3531] Collectively, TPX2 is a candidate therapeutic target in a majority of prostate cancers.

Conclusion
==========

Our study illustrated the power of TPX2 as a potential novel target gene for prostate cancer treatment. Furthermore, our study provided the molecular mechanisms for TPX2 targeting in prostate cancer cells. Finally, the study results provide several starting points for future preclinical and eventual clinical efforts for treating prostate cancer.
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![Profile of TPX2 expression in prostate cancer and human cancer cells.\
**Notes:** The RNA sequence database was retrieved from TCGA website. (**A**) TPX2 mRNA expression was high in PRAD (T) and low in normal solid tissues (N). (**B**) TPX2 mRNA expression in prostate cancer was positively correlated with different Gleason scores (Pearson correlation coefficient analysis, *R*=0.046, *P*\<0.001). (**C**) The cumulative survival curves between patients with high and low levels of TPX2 expression in PRAD (*P*=0.0055, log-rank test). (**D**) The cumulative survival curves for 467 patients with PRAD in relation to tumor Gleason scores (*P*=0.138, log-rank test). (**E**) TPX2 mRNA expression detected in prostate and breast cancer cell lines. The TPX2 mRNA levels were measured using an RT-PCR assay. For all assays, TPX2 was at 32 cycles; RPS26 was amplified at 22 cycles as an internal control. (**F**) TPX2 expression level in four PRAD specimens, determined using immunohistochemistry. The tumor cells exhibited strong TPX2 protein expression in case \#1 and \#2 tissue sections and weak TPX2 protein expression in case \#3 and \#4 tissue sections, but no immunoreactivity was observed for TPX2 protein in adjacent nontumor cells. Scale bar =50 mm; magnification 400×.\
**Abbreviations:** Breast ca., breast cancer; PRAD, prostate adenocarcinoma; Prostate ca., prostate cancer; RT-PCR, reverse transcription-polymerase chain reaction; TCGA, The Cancer Genome Atlas; H, TPX2 high expression; L, TPX2 low expression.](ott-10-3531Fig1){#f1-ott-10-3531}

![Inhibition of cell growth and reduction of tumorigenesis in human prostate cancer cell lines via TPX2 silencing.\
**Notes:** Scrambled siRNA (20 nM, si-CTL) or the siRNA oligos pool against TPX2 (20 nM, si-TPX2) was transfected into human prostate cancer cells (PPC1) for 72 h. (**A**) Cells were harvested and lysed for immunoblotting to determine the protein levels of TPX2. β-actin was used as a loading control. Protein expression was quantified by densitometric analysis. The ratios (TPX2/β-actin) of band intensities are shown. (**B**) Cell viability was measured using the CellTiter-Glo Luminescent Cell Viability Assay, and the luminescence units indicating cell growth were measured and plotted as the growth curve. (^\*^The cell growth was inhibition in si-TPX2 treated cells compared with si-CTL treated cells). (**C**) Representative data and quantitative results of siRNA-transfected cells that were seeded in six-well plates for the clonogenic assay. (**D**) Representative data and quantitative results of siRNA-transfected cells that were seeded in ultralow attachment 96-well microplates for spheroid formation assays. All representative graphs are from three independent experiments. Values are presented as mean ± SD (Student's *t*-test, *P*\<0.05 was considered significant).\
**Abbreviation:** si-CTL, small interfering negative control.](ott-10-3531Fig2){#f2-ott-10-3531}

![Increase of sub-G1 and reduction of G1 to S phase cells via TPX2 silencing.\
**Notes:** (**A**) PPC1 cells were synchronized by double thymidine and nocodazol (Thy--Thy--Noc) block or double thymidine (Thy--Thy) block and then released for the indicated time period. The phase of cell fracture during cell cycle progression was monitored through protein expression evolution. Cyclin B1 indicated G2/M phase progression, and cyclin A indicated S to G2/M phase progression. TPX2 protein levels were measured using a Western blot assay. (**B**) Scrambled siRNA (20 nM, si-CTL) or the siRNA oligos pool against TPX2 (20 nM, si-TPX2) was transfected into PPC1 cells for 72 h, followed by cell harvesting. The knockdown cells were fixed and stained with DAPI to examine the proportions of the cell cycle by using an image-flow cytometry assay. (**C**) Representative data for cell cycle proportions were analyzed and quantified using Nucleoview NC-3000 software. The results are expressed as mean ± SD from three individual experiments (Student's *t*-test, *P*\<0.05 was considered significant).\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; Noc, nocodazol; si-CTL, small interference-negative control; Thy, thymidine.](ott-10-3531Fig3){#f3-ott-10-3531}

![PPC1 cell apoptosis caused by TPX2 silencing.\
**Notes:** Annexin V expression analysis was used for apoptosis cell detection. (**A**) Representative images of scrambled siRNA (20 nM, si-CTL) or the siRNA oligos pool against TPX2 (20 nM, si-TPX2) that was transfected into PPC1 cells for 72 h, followed by cell staining with annexin V (green) and Hoechst 33342 (nucleus; blue) for the immunofluorescence assay. Notably, annexin V was increased in the si-TPX2--treated cells. Scale bar =50 mm; magnification 200×. (**B**) Quantitative results of annexin V-positive staining cell. Values are presented as mean ± SD (Student's *t*-test, *P*\<0.05 was considered significant). (**C**) siRNA-transfected PPC1 cells were stained with annexin V and PI without fixing. The proportions of the annexin V-positive staining cells were examined using an image-flow cytometry assay. The lower right quadrant (red box) indicates the annexin V-positive (early apoptosis) cells, and the quantitative frequency data are shown below the box.\
**Abbreviations:** annexin V(+), annexin V positive; PI, propidium iodide; si-CTL, small interference-negative control; BMP, a image format of windows bitmap.](ott-10-3531Fig4){#f4-ott-10-3531}

![Depletion of TPX2, as reflected by changes in cell cycle regulation.\
**Notes:** (**A**) Graphical representation of a heat map showing fourfold gene expression changes in TPX2-depleted PPC1 cells. (**B**) Scatter plot analysis of gene expression changes; specifically, 1 gene was upregulated (red circle) and 15 genes were downregulated (green circles). (**C**) Fold change of normalized expression between scrambled siRNA and the siRNA oligo pool-transfected PPC1 cells that were analyzed using pathway-focused validated qPCR arrays; notably, downregulation of genes is associated with cell cycle progression and proliferation in conjunction with the upregulation of growth inhibitory genes.\
**Abbreviations:** qPCR, quantitative polymerase chain reaction; si-CTL, small interference-negative control.](ott-10-3531Fig5){#f5-ott-10-3531}

![Increase in genomic instability via TPX2 depletion, resulting in micronucleation and DNA damage in PPC1 cells.\
**Notes:** (**A**) Representative images of TPX2 and α-tubulin immunofluorescence in TPX2-depleted PPC1 cells. TPX2 expression was decreased in si-TPX2 treated cells, and morphologic examination of the cell nucleus (DAPI stain) revealed that transfection with the TPX2 RNAi oligo pool resulted in increased micronucleated cells (arrows). Scale bar =50 mm; magnification 400×. (**B**) Histograms of micronucleation in PPC1 cells. (**C**) Western blot analysis of the levels of TPX2, cyclin D1, CDK4, CDK6, P21, cyclin A, CDK1, securin, separase, cyclin B1, B2, aurora A, and aurora B proteins in TPX2-targeted cells. β-actin was used as a loading control.\
**Abbreviations:** CDK, cyclin-dependent kinase; DAPI, 4′,6-diamidino-2-phenylindole; si-CTL, small interference-negative control.](ott-10-3531Fig6){#f6-ott-10-3531}

![TPX2 depletion changes the cell fitness in LNCap prostate cancer cell line.\
**Notes:** Scrambled siRNA (20 nM, si-CTL) or the siRNA oligos pool against TPX2 (20 nM, si-TPX2) was transfected into LNCap human prostate cancer cells for 96 h. (**A**) RT-PCR was used to detect the mRNA levels of TPX2 in LNCap cells. siRNA-transfected cells were harvested and lysed for immunoblotting to determine the protein levels of TPX2. β-actin was used as a loading control. Protein expression was quantified by densitometric analysis. (**B**) Cell viability was measured using the CellTiter-Glo Luminescent Cell Viability Assay, and the luminescence units indicating cell growth were measured and plotted as the growth curve. (^\*^The cell growth was inhibition in si-TPX2 treated cells compared with si-CTL treated cells). (**C**) Representative data and (**D**) quantitative results of siRNA-transfected cells that were seeded in ultralow attachment 96-well microplates for spheroid formation assays by using ImageJ software. (**E**) LNCap spheroids presented irregular morphology; hence, viable cells were measured using the CellTiter-Glo Luminescent Cell Viability Assay, and the luminescence units indicating cell growth were measured and plotted as the bar plot. (**F**) Scrambled siRNA (20 nM, si-CTL) or the siRNA oligos pool against TPX2 (20 nM, si-TPX2) was transfected into LNCap cells for 72 h, followed by cell harvesting. The knockdown cells were fixed and stained with DAPI to examine the proportions of the cell cycle by using an image-flow cytometry assay. (**G**) Representative data for cell cycle proportions were analyzed and quantified using Nucleoview NC-3000 software. (**H**) Western blot analysis of the levels of TPX2, CDK1, cyclin B1, CDK2, cyclin A, and cyclin E proteins in TPX2-targeted cells. β-actin was used as a loading control. (**I**) Representative images of TPX2 and Phalloidin (a high-affinity F-actin probe conjugated to the red-orange fluorescent dye, tetramethylrhodamine) immunofluorescence in TPX2-depleted LNCap cells. TPX2 expression was decreased in si-TPX2 treated cells, and morphologic examination of the cell nucleus (DAPI stain) revealed that transfection with the TPX2 RNAi oligo pool resulted in increased multinucleated cells. Scale bar =25 mm; magnification 400×. (**J**) Histograms of multinucleation in LNCap cells. All representative graphs are from two independent experiments. Values are presented as mean ± SD (Student's *t*-test, *P*\<0.05 was considered significant).\
**Abbreviations:** CDK, cyclin-dependent kinase; DAPI, 4′,6-diamidino-2-phenylindole; si-CTL, small interference-negative control.](ott-10-3531Fig7){#f7-ott-10-3531}
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